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[57] ABSTRACT

A linear optical processing system in which a spatial
filter in the form of a Fourier transform hologram is
included with a lens for processing incoherent electro-
magnetic radiation. Such a system provides a given real,
two-dimensional transfer function for spatially filtering
incoherent radiation within a range of spatial frequen-
cies 0 = w=/{}. The filter is made by forming a mask of
a graph of a point spread function which is the inverse
transform of the desired transfer function, and employ-
ing the mask in a coherent system to produce a Fourier
transform hologram of the mask. Spatial filters are de-
signed for providing the resultant systems with various
transfer functions, including (a) a directional response
for passing substantially higher spatial frequency com-
ponents in a first direction than are passed in a second
direction; (b) a selective attenuator response; (¢) a notch
filter response; (d) a correctional filter response; and (e)
a linear minimum mean square error response. The
systems are useful for recognizing specified patterns
from a plurality of patterns and for determining the
concentration of a species of particulate matter having a

predetermined specific pattern within a sample of parti-
cles.

22 Claims, 7 Drawing Figures

/9




U.S. Patent April 4, 1978 Sheet 1 of 2 4,082,431
F1G. [
4 27
— 4, . 29
78

/quiAM .,
— | I
i —32 f//
| 2
- “ﬁi:fﬂ*
1583% 37
F1G.3 f@w%%%,
4
|/
| YA
F1G 4 Flax) A o5
F(tdx}dd)»)
Ly
' /
M >




4,082,431

AEEENMNENXKKERFYSSFEPFEFEFEPFFEFRI
AR NMNMNEKREYFFPFERFERFPPFPFFRI

Sheet 2 of 2

FF HEHYEENNALEFEEEE NS NRXRARRNAMFEFNFMENREAEE S RS ESEEN N RO NEKELDLYY P PRFEFEFRFERELRLEI

FPEANREE ST FFENEKEKEEDKERMFLERELUENEKENEREENRR R I EEEXNEEEENFEENNAERENESFE RN SN BN N A REENAF S FEEREEFPREPE R
KFEEEEFFEFRRNEEOCKEKERRXKENRNRLE R A F AR R R EEXKFERNEERERNAARNEEEEEEEENEE NS SR NEKERFIFFFPFPFFYFYDRBI

April 4, 1978

KRFPERAREKEFFERFEAREPFPN KT HENBALRKEKEN R ETF R AN EERNENEEENEPFPAREASESEESEREEEEREFEEREERENFLEREFFFEEFEFREPFI

*FRR L F P RERENKEEFERFEAANKEFEFFFAKERLEREFRBRULENLHUErF Fra e R g s n HUEDEENEEE T R EEEEENENS
AREFRL TP ERFEERKRNEHR FEFRERNERERFEFEFFRKEXFFNFEKNERNEEREHrra g ae P s s i D HEEE RN EREENEREENE

[
K
B

I"FFFNELERK

AR AhEFFYFLELEKREFPPFRFEREKEARLNY R FFEERKNKPI
FFEFPLFFF)PREKKRHR

LPRARELYLYFIFFEREKR

Eht

U.S. Patent

G m o o m om o e owmode h  Pu We Be B T T N o o e e B i B R R R R oA ok Rk Ak om kol N W R ol MW m oW om o Mok ok B SRR A R ARkl ok om oA R LSRR RAR. MR AR R AR AN A AR AR R A AR N AN P AR R A AN A A A RAS S N AR AR AP E R AN PRI EF I I NS AR S RN ERERNFNFdERSANERENRERRE
- ke om e ke BERTY E R AR N Rk R Rl R E R K kR EEENEEEAERE LR AR LA m e ke RN R Il B iR b E BN N AAGAAE NN AN AN AR E RS EN AN A i BE U E RNl eVl NP F NN RN AEdEEEEEFEFARSSESSNENRPERENAS
A N W R TR R L A e R R A A A T L R L R R R T T N T TS I F ¥ A 1 A  F L I T T T L T T T I T T L 1 1A IS e N R AR EE RS S E N VR EEEEER NSRS EdE AR RARSAS RS A REEEFEER NSl AN U NERAUESRARNFESPEEdAaEsR SRR FREERdASRannaS
P L T T i R . R T T R R ST T YT E T A Y A F Y Y Y Y A T T T L T 1 T X Y A IiALA S AS G I A S CEN RSN R EEREEEEEE A IES NN N A EEAas/ES S NGV E AR EENEEaEN NG ASNEESERNERRRPRARRRYEVNEERERIESFRERRARE
A ok ok ot ok om bl ke omoa i h ok ddoaos s b XN R R R oER EE R EAREEEMEREEEEEE R e uEEE bl EVEELELAEEELEEEEEEEREL XL LA EEER ISP BU A A RRAERENEER S S GE SRR EEENNENSRENARRRERERERSd R IR E AR AR AR FE RN R R AN A RS AN N AR SRR FFSF PN ERRREEERES
44 AL adeadaddedidbdbhiaih AR NnEAribhil SR s AibdilEEERERLERAlEEERRRRRNRRREEREERME ELRERLELELssnskd A AN B U BB R B E BN EA ST AN A AN A RN N F A SN E P N NN NN U NN NSRS E S E NN S s AN Faad A E NS NN AFEESFE AR ARARARARSSEREAR
P SRR T TR R N T O IR R N T N S R N N Y N Y A T I T IS Y T I E T IS S SRR SRR R R R R R R I N N W O A O U A N IS EABREEBNNENERF N NN RN SO N BN N B E Nl SN RN R RN AR N F PR A s 4l AN g F A NI EEE SO IR AN F P FSS RS RERNARRSENERNERERN
A ek Kb d o B dbsddssadEdECEelEERNbaER kbbb bbb bbbedetsddhdbEbetbbd XX 8LEREbddssadidsashhdadibdkha: MR NN R P EE N A E NN AR RN RN AR AR NN N ER G NN RN NG AN AN N R AN AN P P S A AR EV N UV R RPN EFESFFeFFrdasdaaRansscannap
P A T T e YT  E 1 T A TS A T T E T T T T T T T I T T T T F  E E T T Y TS TS S YT RS SRSR SN P N N W N I A R W R R R R R R R R R s s s sy vy 2 XY R R R RN R R R AR RN R R R R RN AN R RN NN NEREN I IR R LRl
PN S N N LA S PO R AP N N N N NP VR PU T " T Y SRR S G GO S S A ST S N R N B O R N R E A A A N O G N O W A N g A A I E A s A AN S AR A AN AR AR AR SN S ARE RS R AN R E RN EE A AR N NN NN NE R AN AN ST RS P F PSS SAFEFEF SN ANAERREN AT NSRS RRAR
A A I P R A T T T E R R T T I I T T T 2 2 T S S S AT A O B O O A R I E U B NN RGN U NSRS NG EEEEEE NS SR RN R EAR SN NSNS AN S ER RSN U A AN RS DO ERA NN RN ENVEFFSEFASRARERENENEREnESRORA
N N T Y Y T L R R N S A o I S R O O I A N R A R R I R INESES S SN OSSO AFRAEE O EENE N N E NS NN U T AT N A A A AE AN NN E NN AN FAREEONAREEFEEFESdEiERRENRNCONEONRRANRERSENRARSAR
o IR I VI T T T SU i . RN SR S R R A A A A Y L A T E R A E R R T RN N N N TSN AL e N N ey A G Tl O R W A N RO R RN N IEAEE B E BRSNS SV SEEEEEEEEEEEEEFSNENENANNENENES SN EEREAREE RN ERANOEESERINEAESSFEEEERRAS RSN ERAEEFOSREENVIERES
MEE N BE L EERENMENERAE R RN ANRAENS P U S WY E N L LD AN BN NSRS EERAS AL LS EEAE NSNS SN AR EAE RN IR B RN FEEEEE RN EASEN RN R RGN AR NS NN VA EANEE N ERSEEEREN SN S EEENEESESEFNENSERREEREOERRREFRREREERERESD
BLOE K N MM M LML RN MMM OEMNEENLENMNEEED SSRGS AR R RN PSRN LN SRR E DN NN AL N NN AN IEEEEEE NG SEUENUSENE NN N N E R R NN AT AR RS NN A IS EASEERE LN AR En E A s d SRS ENFE A AN NESAEEERATATY
AEKEEMENESNEANE RN EMENESEEX MR N NEA N N XNEEKUNRERANR RN RS R U SN RSN NS NENSERNARRN AR SN NN NN VEN AR B EBEEN) iGN ERE AR AN S SN NN ENERR RN NN N S NS AR R R GAEDR NN NN SENEE NN N E AR S v E R s 2 s A SO FEADNENESORNNFERERNE SN
S N E N S E F FE RN S R AN S RN R S FEFE LRSS S PR R RN NS R RSN R RN R RN R RERR RIS R ISR AR R R R RRARER RRE R N N NS ERERERSENN I IEN SN NN SN EEN NN AR A G SR EREFE PR ERE NI RS S EESEEEENENNER NS N SEE PO EEE S A NN s s A AR EndSNdESENENREARDAS
AE B MEENMELEEENENNEREEE AN EENEEEEE RN RN E AN E SN NS AN AR RS SRR NR AL I AN BN NS E. IF S SR ES AV ENEEEE BN DRSS ERE RS RR RGN R Ay ERE NN ENEEEEEENE R EEEE SN EEER e E AR R R RN F s bnE R A ENENENNNEESRRRARRE
T Y A EE I I R E S R E R R RS R S E S R R P EEE S S R R R R R R R EEE T RS F R R RPN EEEE RN TR NS R RN R R R AR RRE R R AR RER R NN ERNNY IEGGEEN NN EEAERREERE EE R NSNS NI FE SN NN ERANANEENEENMENEEREEEAERENENASEs F IS ARa s RaERiOAASNESENEESERRERRD
ST EE I R I E R R E R R S R  E R R S R P R R R R R R R E S E R R R RN E R S N R E R R E RN RN RS ER RS RS RN SRR R AR RN NN R D Y IEeETEESNG SRS EEEREREEdRuUEr NG u e RERENDEERENEENENEEN R EEEEE NS FEr s s d e vy yE NN FEAS SO EENEENERANENERRSE
A A AP R R R T E E F E E E E E P R R R E R R s R T R T T T R R E T A Y F I PP E RS FE AR ENEEI AR I IR NN SO S AN EEEEEEEE T R N EFF R R RN R AT EDEN AN EVREEEENEENUENEEEEEE N AEEREr s v SR SR Ay NS F VRSSO FEEEEEAFEDNEaEES
MWLM W AL b Bl RE R RG A A ML RE R B M M MK AXEWSw S S om W W W NSNS N WY SN MM EEEE RS WS NN N MEREEEENESEE SN NN R EE ] IEE NS ESSEEEENENSESssdBEnrnrianasNo s AEEEEEESEAEENAAEENFEREE SR R e Fsas sanEE T EONEREENENSENENSERD
T R T T I Y Ty N Y R RN E R S Y R RIS N R R SRR S E R RS RE R R AR R RN IEEENESEEEEEERNNVERAYENEARRrFas e aanERECER O REEEEENSEENEEESNNERANEEENE s I s e r R anEnd i EERSVEENRREAREEARADR
MONOME M N M NN M BE MR Rl a M MMM MM MEWMEMUESSw S YW MW WS MR NS NN NN RN w M EEEEEEYE RN NN KNSR IEE NS EEEERNER R ERARRERRsEs s T s RSN ASENEEEEEAEEEEEESSEE NSNS Es vy rrnssrna S RERERAANS R AREERARREwES
R R EE R R R R R R E E R R F R R E R E E E R R A T R S N N R N N EE N ER RN E SR FE NI RS RN R DR R R R R R R NN EYJ AN SN SN S NS S S EEE NN SN NN RN A I NN BN GRS RN AR AE NI BN E RN E NN F Al A p N NSRS NSESRANSRRATRERED R
BN EZEE X Z XN ZZAE N R AN A S N EAARE RN ENXENMREEEN NS N DN RS EEE AN kNN R NS ANN LN L EENEBEEEEET N IN BRSSO SUNE SR ENEREEE NN NN R U AN RE R ASEEEN AN S EEEEEEENEEERE R E TN RN Ed N EEI SR NN NS SEENNERVEREEEFRESESE
- FEF R R AR R R R SRR Y R RS R R SR EE ER SR RN REERERRRRREEERRERERTE R R R RN RN RRR R R R AR R E RN AR RERESREZSJ.EEN}RJSZEREZSSENE IERAREEGEE SNl E RS EEE R E EE R FE R EE R EEEEEEeREEN RSN AR EERAFFRlEAR PR EEsE s EEpEEd AU E G EENERER P RERERESENENRRED
BRSNS RN E Y YNNI RN KN NN N EE NG A AR AN AN E N E N DI RN E R ER AN NN NEDOEEVEERY RN IE B EEEBE DS EEEEEEEG NN S SR EEAd ISR N pEREENENEE RN R AN E NS EE SN EREEE S A EBAaEENNNSBERERREFEREEERRSRFE R
AR N BN e ML LN R I E NN E NN T E R AP N AN SN E S E NN NN EENEEALENURARNASERN AN EENNERNNEFSAMERERERERIEARAR IBEEE B ANFAVEEREEEESEERAAGE A S A A E N RER NN E NS ENENEEEEE NS S EESNE NS AEANUE A A S S FE S S E NSNS ESNENFEERRNSEDERTAER
A A B WAL EY L EN NN RN E U IR AN M S N EE A B EEE N N B S AN AN N AR A AR AR A AN NAA A N EV N VES R YRR AE NN H B EEEEEE R EE R E EE E E R E R R E E R EN N N T EAN N EE D N OO O * 4 s s s mpd A EERDEEBNFEARSSUYEREsERARRRRRRRRRTRRRSER
ENE R ERE NN ANNN SN AN E N s syl g s sl s dad s s dadyaassnesddlsddedd rAEANUNAMNERENNEYNEEEAEEREREERNERI Bl EE BB R EE R E R R R E R R R R R R E R R E R R NI N NS E N N O R 2 s a2 a2 apg I FAAEEENGRERNENFESRERSESREPFEREFFEEENAEREDR
BXEE KSMNK S BMMKEMBEEMEMERES & b o6 B MNE NS g §dEdaasansaasrasss s Sy EEENaEilNNEENERERRAERERREEEREEgNN] IEaEEsanneEnesssmerend bR E R EO R BB EEaEBAEAN A # s v s s pd o BEBRE BB R ENEEE SR FEEEEERRNANFEGARRNNFEE
EEEKEENEENUNEMNRHMAKEEENESEESESSS S &8 ¥ EYWEENGZSE S IS ESas Y s ass s s AfLEESEGEREREEELEEREEEEEERERERELKEEEEZEL K] B EEEEEEEEREEEEERE RS EE RN R R R EER R R A2 RN EER B BN I I o O O I R ENS NN EEERNESN RER N RERERNERNREZNSHSHEHNEIENHEBJEREM;JEIKEJ;SES;};BJE}N.
ENEEEREEEKAAREKERERS SN MEEE 585 SWERESE S F S8 5% s 0 ="dAdd BN e an i BNEREERKEEREERREFERENEKRKECESNMES N E R ER R E R EEENER RN R R ER R R RN R RRER DR EE NN N BE L B B s rr r-mis s I NN EEBEIESNSEEREEsd R ESAGEANEARERED
EEEEEAEENENEEENEEEZEEALEENN T RYREREYET TR s AT PR URFEY Akl AR RN ENE N YA BEREE R A AR AR R R AR R R R L EEEKREARKN ISR E AT EEREFETF R SR AER R R ARG AREPNDEE R o RS NENNERRERRERNEE R R RN R NN A B NEN RN RN
EARAEEEEEERENEEREE SR EEREE R AaNEENHEY Y EER R N MR EEddduc Sl annEEEEABE AP EEREEEEEXEER AL RRRRLAl  F N RN ENNERNNEEERRENNERERNERNERERERE N R AN EE NI B N - s = s s masm e NSSdE SN EAERERRESFFEF S S S SEEgEEENSEERS
AR A E R EEEE EE A kK s E E S N EN R EEEN SN RN ENER U IR UEUESldENAN s at IRl el el bbbl IER S N E RN EEBERARERE R RRR YRR R SR AR E RO R A ER Y A" = st s s mmase AN ERESESEARRFEERENSSFPFFESEshEpEaEFEEAEED
EEEAENNESSEE NN LR R R N NN O N RN RN AN NN A I N NN ENANSNEREAEHNE S A AN A AN NN P ENREEE BRI RAELBELEEEND N AR R EREE R ERER R R R ET R RIEEERRE R R N N I BERL RN =+ s - surprrw A i EEEFdaESEER NS SEsEFFSFRsRESRFANEAEEN
T N F R R R R RS R E R P E A R R E E E S E RS R R Y Y AR R F R E R EN RN NSRRI E X ERA SRR R R RN ERERRRERENERENEREJ.LERS.E.EEXRJ] T X REERNREERERERNRRNERREN RN RERERNERENNNRENNE N RN s s s ssarAGaEERERRREUEEERANEANNENYSE TR ERBERRREDAEDN
RS e F NN R F Y R I PR R R R I E R R R R F R R R R F AT R RN TSR NRRSERFRRRNRR R AR RN YRS YRR REEY I s IS AT EAN NN S A I A FEESEEE NS AR Aan SN A NN N CUREARAFENEEEENEGLSON S SN EFAESSSSSFPEEERINFEERRODEEERDETIEDRRES
AEAREEAEINUMENS s s iaEe sl sann s s s s uada RANENBRARREBRORIDBEBRU SRR EREERS Ine SN BG G GEVBYESEEANS TSR EEAS S A NS PR EENE SN EREEEEEEEEEEERN R EEAE S S EEFsEFRF R e E s N AN E SN EEEERASEANEEARRRETS
RO EERAEEEZEENY L NENESENENE NSNS ¥ ar s s v b N RN EERRANEENDLENNEBE-UNERNRRAERNEAL 3B B R 2SRERRRRRIRIRERZ AR RN EE DR RR R RN R R R Y RN R RN Nt Rl R R R R RERERERLERNERSERRLERLSLELELLLLLELLRERRLN)
Y E R EEREEREEI I IR ERE R EE SRR R AR R R R L 48 4 r v B A BRRR KRR REAENERERNAEAIRTUNIAINENEUSERAY) - B EREBA SRR R R RRES FRERERENRRREENERNERNR NN R R R RN RNl RENIGRERRRRREERERERERNENRERERES.RZEREDRIELERLEELELELEN
NS N AN R ARRIALUNERESEE R RuEREN *a s an “ a A RN E N RERRAENEEERRARSLEEDEEI UL LERDIREY S NLT IEEE RN A0S EESENES S S E R EEESS RN EFANENEREEERENEAVNEREDR Eg i EEN S s B E DN FEaE R FF S EEE FEENE SN E RN EE N EE N EENR AR
EZFEAIEEENEAEEE s uddsdddeuEndTesw s P r s A YN NN R AR ANE NI EEI N ARDABREI D MR NRE) idaaspEEEn S EAEEaAEEEsun s+ snnaneDEEDE MAEEEs s F s rera AN ENEEEEREEREEEY
uNmss snasaanasnunnugnanundANNEYESERANE AEUEEETI BN A R N E v s P o0 ddadedn bl l WENSL IR E S EN N EEEE SN EERNEEsa RN s anunnsBREERDR EEEREs s e s s e re gD EEDDSOENRNEEENA
semassisssannsnnnnnauanxBEERREENNRY (T P Y3 I8 FIZERERE A NI IR NI IR N RN R EER SR ERIN I N NITNIIZR NN N R DY E T EESSEsnspas v« s+ SR ansASRENEENENENRERESRED
s s sssvavensnannavkan S ERSNARRDEE HEEEEEEENE N A ESE S S BA & sddassuuiernrdal ‘FRFEFR R FE RN I d 0 0011330 RENRERERRY]TR] )| EESBlssnams:rra AnanaENREENNENSISERAasAS
A MNevnanmsnnsuuuuununndENSNNNEAREE EFFARNENEEA N E PSS U S BS s s B R asassdunuel el e EBNENRAEBREAGAECOEssEEE s s s »anaan v BEDEN ( FFFTITRRENENERNEENENELESYE YL LI EL D0 LENE)
MU s rdadassauuunnpunEdREENEREEERY HEARNEEREINIEE AN AN s F AR PSS 060w hmalhiMaw] IpEaERENEEdENERGUEESuaEERrsnsannannrBENES - JJ N L ENENEREENERSELERLE YL ELELLLLERLLLLLYLL
Mh=eme=maed sy v XNAXD RSN EENEER HABEEREEEES LU LN SR O W T Fanrssanr®eebsdnuel e AAEEEREEEEEEDEBERTsE RN ss=-rnanancPQPRAAN (EE 1 JERERNEIENERSELLELL Y EIEEI I ELELLLRERE
MeBEesesasasnnawnuukuxexnxxNRNESNNRNEMN AEBEBERIAEEEAEAFaaddaryraceasadnd BN TTER Ier e EEEESEABEEEPNARCEEsEE RN ranvsrananaBEDNE FEEEEsssvsara=---yisoEEElEERAEEROODEEE Y
Ak k s s s mavEnindEunwI N2 SRR SHRRNE HEESEEEIEEER = "2 B & 8 8 M &3 & =0 & s Ff sy L e S hEg; rEsaoEENEEEESECEGAECEsnEnwrvYvrrameneREBEEDE EENEEss s rres-cpnapsEsbolEEERGEEOERTuaw
Y Y EE  EE Y S P Nty HEECNEZEEEEEre s aEa v R ad &0 asveanund i UESWEw] tAES S BAEENEEEEENEAEEEELE N e s RaancEAEEREN HEOliEEesssan s ==~ S BN ERENEENEEREREEFuan
NEEds s rr e csanuun ks RSN ANEERNNNRE ANZEEZIEF N s sk dwrs v ra-svesry iR REUEEE! S REENENEERSSARDSEARdaEaNSsAra s nEERER EROENERE ([ J 1T AR AN ERENERENERELRSNSLLERELLELELELERLERDER)
R EF E E F E R R E R AR AR A E RN s B aaER SN dRRAEA RN RER Rl Rl dERELOdR AR AN EN -III!llllll..ﬂ-.lllIIIIIIIII-IIIII.I-I...-.....-'l........--IlIlIllllII-Ill.l-IIll-lI-I'IllllII
A E R F R R E E E R P F R A R NN s x 2 v W N ESA BEXEREXNBEREARSLESIACSEEAd s dSinnnnN: S EEEEESESEEEEDSESAE AN A NS EDENE NS AREE NG R AN EAEEEEENAER NN ENEN RN RFEFERFR PR R E R RO AR AN NN RO ERNENUDER
AR AR SR A drE R ER XA EENET ER R AN n = s » d A B N LR ABERRRAEECEEEREEERDEDRALAE AL R BERERENI el G A EEEAEENESSESENODSEEEEREREEdpaAanRD R ARERERE DR AR R EE N AN TN EN T F S FE S E R FREERNUERAREDEREADERARAER
AR B E A Y ECLZE NN R AKZEEIE Y S KEKE T 6 bow v sk an R e A RRERAEEETERAE RSl ARSRELdIHEERRE] sk s esEEODESOduNEEddEdueEE R Ee Ry e annEnRUd S EEE SR ENEERE NN EN R EE NS SR EENE AN EEEE N NEA VAN REENSERESRENNSEAES
ZHABRZASIEZREIANNERE X ETEE M W E k== & & x s a paapuEEnEREEEREREREERE s iR E RIS RmAR] S BEBEEEEEREE R E R R EREE R R R R R RN AT R RN R ET AZEEE N I L B DO RN AN N R R YR EREER R R R R REREENRERRNERNDMGMNDGSGDSRNRHSERSDSR:SHEH;.HNE.)
ANNEREREMENREMERE E EE KR ERE RN A3 AR S d Rl Eaddldldd il el Eidivas kst s B KE s AN ERRREREREERRRERREREREEER ARl S E N YN NP EEFEEE NS AR RN EEEEREAD DR ANENRE RS oo s s s r apeppE R R REOE R R AR EEE i bpAR FAEBER
HﬂHH““Hl!"“-’!"FIﬂ"I‘F““iH‘"“’ﬁ“"“-“.u“.-H“::“H““““““#H“’-“""It-..'..rﬁH'FFH-"-FF-H“"-“'. T B E R EEE R R E R R FE R R E R R R R R E R R FE T P EE 2 N = s s apgaEand g FE DB N E RAEEREEE S A NI R R EEEI R R RNAEARR
Az EEXEEEEAEEFE N A EAE ERE R A r E R R R R R R R AR EER A UAL ISV EIE NI EER S FEERERR A AR N R A EX MR XFEXEZMSZEREREETRENE B R R B E R R R E R R E R R E N R R E N1 2 2R R R RN RETRR T BN L OO =+ + s i pprrE R R E RS RN D ERFEFEFEFSEAFEFEESSFaARER
hik & EEMEN SN ZAFRNES E N a R S sk E X A E S E A el e B CE N NG EF RN C SN E SR E v RN IR R R EE AN A REEREE R I SEERESREERIEEEERDD ' EEBECEREEREEEFENERESER RRER R R R R R SRR B W NN I B RN R Pl s s meseE s BEE R ENNEDEFAN AN SN FNEE R E SRR RSN ANAER
G Y R R KX EEEEEE R ELINREEAENEEEEE R b e i o n b e sl A sl R RS R RS EEE AR X ERA AR PR IFRAEEEFEERRENRRRR] ' BB R EREEEEZBEEREREE TR R R ERER R RSB E R RN N I B BN BN A ¢ Fa s sdumFEiEEEE AR EA RSN E NNV N ER S FREFENEERERREPAN
UERKRKMMMNLULME EMEEREEEKEE S @@ nb o bk bh*xsd oo b dFFEEFS=d448i32800%eesyrEEBELFEEKEERERREREEREERERXREEERRBRERS] IEEFREBSEREBREREEREs R EEERERRE RS E Rl amTE I ENEENENFEER R RR R RRRRAR SR DR R R RN SR SRR RERNNSN SN
IIIIFHSIIIIIFIEHIHIHFHHllttlllrrrlrlr-llill-;-t-rlllllllllrrlHFFHIHHrIiiIFFhIFIIIHFIFIFIi-I IiEEE N EPERFESESEFNEEESE AR E TR REE RN ndr R EDESS s -y s s a B EFAEHEFPWERBIERRARER RS FFA R FEPBFFPRRERYERERERER
'.l'ﬁll“ﬁﬁ'!'““.“.".I“llillllllllll!.illllirIrlllllllllllllIIF-l-“-’HH-ﬂl.'-.HF-H-HHH“H-h S B E P R R R E E R R E R R R F FE E R E R R R AR SRR N E N = s d d EEEEFE AP ERPDEN SN E R EEEE R E DD E AR RN RO EREYF
I_!II.I_EI.II.I_I.I..I.I.II.II!II"IIIIIIIIII...-.._._.__tl.-.l-_-_-_.r-_.._-_.-__-__-_-.lll-.llllll-_l_ﬂIFI.Il.l..ll.!.!ll.l.ll.l.ll!lli..lll.t e A AT e bdnd AR BON NN NNEGNEF RS E RS NAG RN NS "t s s spEraav i BN EERNSSSSGNS RSSO FERFRFEUEDSNUED
E LE B EEKEBEEESHS S Kol bhk x EERLs s ge o b 5@ & 60 o 8880 FS8 %% 2480258880088 888 i 8B KsKERREKEERKRERERERERENRKDSR FEREEEEESSNEEAREAESENERRAESEENFF NSRS REANAEREEEEEEEERN RO N ER O R EE NN NE NP FFENNFENSERRFARNRRAAAREANERADDED
E E RN E A EE K N L2 8 Rk s EEENEERE BN NAEENEN B EEENNERALERREERELGESEIEAEEESFSFEEFEERLIARENIN B ILANEERENNENFALAEGRDE T E B R REEERRE R R R S EEREEE R AR R R RN R BN RN NI ER R 1 7 220200000 EERERRRRRERRRRRRRRRRRLRRRRR N NN
A E FE N ENXEE NN EEENEREECE NN Vup B skl Kk ENUMREREEE NS SRR AN MERES SN EEREREEEETIEAAEEELELIEELERNERD FES BB SN SN R R ENENAE A NN AN EEN P R B AN E NSV EEEEE N EEE N ENEANE NN NN E AR REN AN A AN NS AENOEP RN NN R NERVUNEENSEFAESE
oo d NN EEMEEEKEESRKE:sEEEERENEESANNEREAMBELNEN NS S NS R R A LEL G EE R AR EEEEEBEARER LM AEEERRNAAREDL FE S BEEEEEREEA S EE EE NS ER R AP R R EERERNEREDEE RN EE RN AR N A BN E NSNS AR R E N FAIEFENENAENENAN AR EANE NN ED
N T A P R E E S A A A A A I T A YT RN R R R E R AR R AR R RN L E N R ERE RN EERNEREHNENE NN ENEEL 3N B RN X3RRI R EREZTZENRINRREEA R ER R RS RN R R RPRARRERRIIRNTY EN T TRl R IR Rl R R R RRRENSRRSRERLENERRNERERNERDRNSDN,
BAE R EE S Eh S Sk ki b KKK KM MW MMM AR EA MR KR ERMEE RSN UE N B RS EEEE M N RL AR R R XA -l-l-lllllllllllllll-lllnn-1-l--l!IIﬂIlIlll“.ll.-llllllllllIll----l:.illi.llllll..:illllll..ll
EE MR L LK E A R ELYEEEEESEEE RS m R EE e E s s RN EEER e ek LR NS LEEE RN EEE ML E LM ELE LN TSR RN R RT RIS PR R ER R RN RN 310 BB AEEEEENEEN Yy s v e e s s s Rd U AN SN ESEEEEGOENERERES
N R ML sk LI EE RS AR EEFEKEE N WMo ow el kM EEEN YR KRN R RN YU RAEEERE N BN ELAEREE RN E AR E RN RARFE RN T IR AR EERI I RIER IR ZRERERRRNRERRR RN R R RN PRI ;- ;¢ "7 FEJJTERRINIEERIERSERERNERENRIIRINRERIIRORAERNE)
L E K ML s SN MAEN AL EEERE NS ST F LY RIS s s A M AN EE R BN AR RN Nl AE NS EEEE DAL - -|-il--Ii-IIllliilliilunn-----llllIIIII-III“““IIHIIIIIllll-----l--llllllllllllllll-i
lht!lﬁlllhlthlﬂlthrtﬁrﬁlllullllllll-llnllll-tr-ltilllIlllrIHIHIt!Itlll!llll!tﬁl!lﬁlhh!t!ﬁ!#ll rE NS E NN EESSEEORAANEs s R E R R e EEu e EEERNENEE F 1111 1E11 I3RS RS RTINS
EEEEL £EEEN a f A EEE L ES LS 2EEENENS a0 g wessadbass sl bnsdde s Wb EANERLEEL dLEELNALERERFUEERRAEFEZERERRE ISAS S EAERER AP EARERENES SR ENre s R AR E AN AN EEANEEERENEANES EAEEE RSN YRR E N RS FE SN ENEEAAERAPESENSEEEEREEERN
LN EREN: S REBRSEERSERHMBEJM £ BKEBEME LR EHBEERKELSBUEBEEENSELLZSNUEEE CAEAERER S S Nl il bbb sdageEILELED YA R ERERRR BRI IR RN R RRROR R F O R D R P R R PO FIFFIIIRAN IR RN RERENNSERERRIRIANAIIRRRERPFRR NN
A AR EEE NG E AN R EEEEE A S EEEEE S RN A AR RS AN b Z b bbb EEEAECA bbbt bababbEiaNns IFPEEENENAAEEEEE RN DEED AR RES R RN R R T NS rEEEAEEEEEEE NN EEEEEEEEE RS NN LS nnaav iR N VA SESSERE AR RARNETS
A B ABAKEEELEEKERERESRLEKZREZEEEEDEERSSSBEHEES Sl e S bbb SR b XA 220l EREstiaF AR IANdAaEAAFRNECD NS REN SR EEE S S R R RET AN e NN N R EEEEAEEERRNE A EEE SN ENAG N EA R SIS E N Fea D U P AEAS RSN ENEEEENEFAEERASERN
A8 A KA LZYULARXER R EARE SRR NEEEERMNREKELEERERAEENS S L85 -k UL EAX kMRS BRARE Nt ISR FEERRRERERNLAALR IR SEEESEEREREEREREESves NI Ss e Enan s sEEarEEENEREEENESENENEN NS S SN E FEE RS E N NER SN ANENERE DR EEREER
Bk h Boh bk BB EEEEREEEARAEREEE AE WA R RN I E LA R AN AR AELE SR ML AR R EN s bR R AR LRSS EL IEN N RS SR E NN A RSB SN AN RN A F RN EE NN RN AN N A EE N RN A E NS R A S NG A AR AN RN EERNEN PPN E N NP P AN NN R AR AR AN
o N N oo i M e K MEEEEAEAENEEERESA LN A YRR E MR NN FE VNS kbl b RAREEFEAAARRREE LR LSRR AR ' 1A B ER R R R R 2R R R R R AR EE R R 22 2AER AT R R ERRERE N B R N A R A RN E NN 2RI YRR E AR R AR R Z AR AR R REERRERRRR/ R
HE R E & E K w W om e b KBRS RN YW S e e e Ll &YW AR kWM ESE R EAE KR ALE LEEEEELEENEEEEFEREFERERETNELLLL I3 R R R R RN R R R N R RN E R RN R R E R N RN AR RN R AR RN R RRRRRRERNIRI RO R RN R Y RRERRESRRES R RN RN RNRRIEZRRERNREN R
EEKEKEZ S £EXEX £ E € KX E 05 BEEEER#EEKKES u o woo Bweuw @ o s boedvedsodsssvbhbd)y bldlusEbbElILERUENERELEERREERRN IR SV SRS AN AN E NN BRSSO E RN R AP O E N NN FF RSN IR E N NN BN AN EE AR F A EN N NP PN S NS EE VRS FENE SN EE PN ESEFRR TN EIOEEN NN
EZEEEEEEEL AN E XA SEENRE XEEEREEELWLS S EWE LSk bhondusenrnes e IbbhiliEblii bl EdRillERERiinkEsNELAnS 323 REER R IR RRE R R R R REE R Z 2R R R E R R R R R R RN EER 2AELE R RN R R REN A2 R AR R EN RN ERERRRRE N REENRREERERERTEERERTE R R
L EEEE R L EE R LA LEEaEEEE S RES W m MM E e me uewihbhd s FodUEnE s AR EL R EUAREEX Rl fSEE s L dJERRN A EREEREEREREREREZRRRR R R AR RRRRRRRERERERRRRRRRERRRRRNNERERERNRENNRRRNRRENERRERRERERIENRRREREERESENENRRENRENNERNDERERRNYE.
- h B kA ARE KD EEEEREE RN EAE R R E R SRR MRS NN R E A LR E R R L EN LR PR AR RE sk bbb ashREEEREE kA SFEV NV EAAEE N E RSN EERAN RS EN SRR RV RARANFGEVY R EEF PR RN AR B R F E AN A AP A S S AT AP ARNAG A AR EY AR P ERENYEESND
ok ke mn B EREEEMRSEEEESRSErEERE6 kbl R LEEE i LS SN S S EEAELAER L MAEEEEEREE L VEEEE FLALAEMEELEREabS SRR E ISR R R R R AR R R R R E R R E R R R R RN R AR ERERRREFRERRE R NN R R R R XN R ER N R N RN R E R AR R ER R R RN R A EEE R R RO SRR R AR Y
Lok ke R ERL DR e ERREE Rkl AR RN SR AL AR AR S LA e MR VR EMEE R UEEETENLEEFLEFOL bbbl EELnbEl T AR R AR R R R R E R XREE R R E N AR R RE R RN R R 22NN REEREERERRERRRR R R RRR RN RN R RRE R R R R R ARRERR R R R R RN R RRERERNR R
Ui PUN Y I VI VE S VI A T WU I N W TR R R e R g e E L SRR R T S B R R R R R R RN N R R R R R LR R B REEREREERERE R R ERR R R R R R R R R RRER R RERERE R R R R R R RN EERERERERERRN ARRREERRSZRRRERRSRERREERRERN S RN R ERRSNRERYNRN]
PO N S S VR N I NN . SR W T T - JUPUI ) Wi S R I R RSO B SN N N TN NS N N N NN W R SR A T R R A A L R R I A F 3 B R FEEEFESEE N EFE RGN N NS SR SR AR ORI EEEEERAREREF R PR AR SRR ERE R R AR NI E N N S E N E N NN RO R FARA RN BN ENNEEEREREES
T I I T Y 2 A T T T YT YT T T R T N N N R AR R R N R N R R R R R R IEPETEER U AEZ U O R P RO N AN SEASPEEN NN EFREE O E RS GRS OV SN EERE S S AN RE PSR AN NS RNENEEE N EEE NN R E N E N PR NS SR AR RS REREER
o E K ko ko K E L E R R e ks R W OMEEEE R E RS R RE LN ER RS R R R LSRN AR A EE S AN RS LR NS ENENAE KRS A AL EEE SR ' B R ERRREERER R R RN RS R R RPN EERR R R R R R R R R R R R AR R RER R R RERRNERERRENRNSRRN R R RRRRRRRERERRRRERRRRERRRRRRRRERRERRERDEDN
hhhFlhlllhlltl#hrtlr?lrhhltrrrrrrrrrrrrrrlrlrtrrlrlrrrrlrirrFHHHHFf?lllkiIintill!lrlhthhlitlt BT EEERESEEREEEREE R EEER R R R R E R R R ERE R EE R 2R RN R R B R R R R RS RN RERE R RS R R ERRERREREREREERRRERERRERRERERRRERRERER
hlﬂ!llilh!ﬁ!lth!!tﬂtIlHFHFFIIlllrrrrtllrrrlrlrrrrlr!frlrrlrrrrtrIrFFFFhkllhllhhh!hltth!hhhltr FA YA BE FF PN EFEEFFEEEEFEFFEFEEEEFAE PR EEEAEEDF RN A S NSNS NE RN RN E NP E RN R R P A AN NN F A E P Y E PR A E R R Em

Frc. 7



4,082,431

1

IMAGE PROCESSING SYSTEM USING
INCOHERENT RADIATION AND SPATIAL
FILTER HOLOGRAM

CROSS-REFERENCE TO RELATED CASE

This application is a continuation-in-part of an earlier
application, U.S. Ser. No. 570,957, which was filed Apr.
- 22, 1975, now abandoned and 1s related to a co-pending
U.S. patent application, Ser. No. 699,785 filed on June
25, 1976 by the present inventor and John C. Huber,

entitled “Copying of Graphic Images by Processing of

Incoherent Radiation with a Spatial Filter”, which ap-
plication is a continuation-in-part of an earlier applica-

tion Ser. No. 570,349, filed on Apr. 22, 1975, and which
i1s now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to image pro-
cessing utilizing incoherent radiation and is specifically
directed to image processing with holographic spatial
filters which, when combined with a lens in an optical
system, provide a priori specified transfer functions.

2. Discussion of the Prior Art

The processing of images containing graphic infor-
mation with spatially incoherent electromagnetic radia-
tion has a distinct advantage over systems utilizing co-
herent radiation. Much graphic information is printed
on paper. In order to process images containing such
graphic information with coherent laser-optical sys-
tems, the information must be converted into transpar-
ency form. With spatially incoherent radiation, graphic
images may be processed directly from the paper.

The use of a hologram for pattern detection by corre-
lation filtering in spatially incoherent optical systems
was suggested 1n 1965 by Armitage and Lohmann in
Appl. Opts. 4, 461 (1965). This system, including an
incoherent light source and a combination of a lens and
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a spatial filter, is insensitive to shifts in the position of 40

the hologram. Armitage and I.ohmann recognized that
it is not an easy problem to prescribe first the optical
transfer function for the system to be provided by the
spatial filter and then look for a suitable pupil function
for defining the hologram. The pattern detection appli-
cation, which utilizes a matched filter initially formed
from an image of the pattern to be detected, and which
finds utility in shift invarient character recognition, has
appeared to be the only exception to this difficult math-
ematical problem.

Lowenthal and Werts, in Compt. rend. 266 B, 542
(1968), noted that both correlation and convolution
1mage processing operations could be performed with
an optical system including a hologram and lens using
spattally incoherent light. In particular, they state that
when one is given, a priori, the point spread function for
an optical system, the required pupil function for the
lens may be obtained by recording this point spread
function in a hologram. Lowenthal and Werts’ only
reported application, however, was to employ the cor-
relation operation to recognize alphabetic characters.

In 1971, Maloney, in Appl. Opt. 10, 2127 (1971) and
Appl. Opt. 10, 2554 (1971), proposed a system for char-
acter recognition using Lohmann’s incoherent correla-
tion techniques. He incorporated the lens directly into
the hologram using methods well known in the art.

Also in 1971, Lohmann and Werlich, in Appl. Opt.
10, 670 (1971), proposed further applications utilizing
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pattern detection by correlation filtering with spatially -
incoherent optical systems. Correlations between line
drawings and between grey-tone objects were dis-
closed. However, Lohmann and Werlich stated: “Addi-
tional spatial filtering for better target discrimination
(such as suppression of the useless low frequencies)
cannot be done in incoherent image formation, at least
not as straight-forwardly as in the coherent method.”
Lohmann and Werlich then go on to suggest the use of
computer generated Fourier holograms as correlation
filtering elements for pattern detection.

Thus, the prior art fails to disclose or suggest how to
proceed from specific incoherent radiation correlation
techniques to the more general optical processing appli-
cations which require an a priori specification of the
transfer function.

SUMMARY OF THE INVENTION

The present invention provides a method of produc-
ing a spatial filter which when combined with a lens in
a linear system for processing incoherent electromag-
netic radiation, provides a given real, two-dimensional
transfer function F(w) for spatially filtering said radia-
tion within an interval of spatial frequencies 0 = w=}.

While the term spatial filtering is conventionally used
in the publications referred to hereinabove, and for
uniformity, will be used throughout this application, the
term i1s not completely descriptive when applied to
incoherent optical systems in which there is no physical
transform plane. Accordingly, the spatial filter of the
present invention may also be appropriately described
in terms of a pupil function.

One embodiment of the present invention is directed
to a method in which a two-dimensional mask having
regions of varying optical transmissivity or reflectivity
1s generated, which mask is a representation of a point
spread function. Coherent electromagnetic radiation
beam is impinged onto the mask and radiation passing
through the mask is impinged onto a medium responsive
to the radiation. The passed coherent electromagnetic
radiation beam is interferred with an electromagnetic
radiation reference beam which is coherent with the
other beam at the medium to produce as the spatial filter
a hologram corresponding to the mask. This method is
particularly characterized by the step of forming the
mask, which includes the sub-steps of providing a me-
dium including a planar surface having a rectangular
coordinate grid including a plurality of regularly spaced
regions, and developing the optical transmissivity or
reflectivity of each region such that regions symmetri-
cally disposed with respect to the coordinate axes of the
grid, thereby corresponding to a real transfer function
F(w), have the same optical transmissivity or reflectiv-
ity. The transmissivity or reflectivity of each region is
defined in terms of the inverse Fourier transform of an
orthogonal series expansion of the selected design trans-
fer function, F'(w) over the range 0 < w: < and 0 < @
»<£,, according to the following expression:

Fr(m:,(ﬂy) —

o 2 sin “5— o, 2 sin = o,

3 S X I
m=1n=1¢mn( a ) W, )

This expression may then be inverse transformed into
the corresponding point spread function h(x,y). The
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‘expression of F(w,,w;) can be shown to be in terms of
the complete orthogonal set

sin &, 8
& .

In practice, the upper limits of the series are taken to be
finite integers M and N to allow physical construction

of the corresponding point spread function h(x,y). The

coefficients of the expression are given by
Q, 0
1 x y . Wy
13 ‘any .g {; w0, F (o, my) sin {m7r N

Accordingly, the point spread function is given by the
tollowing expression:

M N
h(x,y) = 2 2
m=1n =

{1.x
nw

) rect (=2,

[ s, rect (

wherein

h(x,p) is the point spread function corresponding to a
selected design transfer function F (,,0,),

m,n are spatial limits in the x and y directions, respec-
tively,

®, 18 the spatial frequency along the x-direction,

w, 18 the spatial frequency along the p-direction,

{1, 1s the cutoff spatial frequency in the x-direction,

(1,1s the cutoff spatial frequency in the y-direction,

1,x

rect (—=—) = 1 for 0 =x= ’;’lj ,
rect ( 1;:: ) = 0 for x> Ej ;
rect(il&)*——lforﬂ SpS e
mair Q,
rect(-%wi) = () for x> ?;T ,

¥

F(w,w,) is the design, i.e., a priori, transfer function
of the desired spatial filter, and is defined between the
limits 0 =w, =0 and 0 =w,=({),, such that F(w,,w0,) =
R[(1/A) F'(w,,w,) + (B/A) 0(w,,,)]. This Dirac delta
function represents a zero frequency or background
component which is added to the processed image by
the bias term, B, when present in the point spread func-
tion.

R = (A/14-B), A is a multiplier constant equal to the
maximum value of A(x,») minus the minimum value of
n(x,y) and B is a bias constant equal to the negative of
the minimum value of A(x,y), thereby enabling the point
spread function A(x,y) corresponding to the transfer
tunction F(w,w,) to be real and in the range 0
=h(x,y)=1.

The factor R equals 1 except in those instances where
h(x,y) is outside the interval 0=A(x,y)=1 in which case
the point spread function is not realizable. In such in-
stances A(x,y) is normalized and biased so that it will fall
within the interval zero and one according to the fol-
lowing expression:

A (xy) = 1/h(xy) + B]

Thus, in those instances where A(x,p) is outside the
interval 0=h(x,y)=1, it is the normalized function
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4

h'(x,y) that is generated to provide the mask used in
producing the spatial filter.

It 1s recognized that a two-step procedure may also
be used to realize negative going point spread functions.
In such a procedure, the point spread function is di-

vided into positive and negative going portions. The
positive portion is generated and used to obtain a pro-

cessing image as specified herein, while the negative of
the negative going portion is separately generated and
stimilarly used. The resultant two incoherent optical

) sin (n7 %ﬁ_ ) dw do,

processing systems are combined in such a way as to
obtain the difference between the positive and negative
processed images. With this approach, a broader range
of applications can be effected.

In another embodiment, this method is characterized
by generating the two-dimensional mask representing a
point spread function from an a priori transfer function
expressed In circular coordinates as F'(w,,w,) = F'(w,),
wherein the point spread function is

M

h(r) =j 2 Yycirc (r/a),
wherein

a;1s the spatial limit along the r-axis,

w,1s the spatial frequency along the r-axis,

(1,1s the cutoff spatial frequency in the r-direction,

circ (r/a) = 1for 0 = r =q,

circ (r/a;)) = O for r > ¢,

, Q0
I 0! F(w)jaw)do,

Y o alan)

and the coefficients a;are the solutions to:

Ji(afl) = 0 forj = 1,2,

F'(w,) is the design, i.e., a priori transfer function of
the desired spatial filter and is defined between the
limits 0 = o, = Q such that

F(w) = R[I/A F'(0) + B/A 5(w)],

where

R = (A/1+B), A is a multiplier constant equal to the
maximun value of 4(7) minus the minimum value of 4(#),
and B 1s a bias constant equal to the negative of the
minimum value of 4(7), thereby enabling the point
spread tunction A(r) corresponding to the transfer func-
tion for F(w) to be real and in the range O=h(r)=1.

When A(r) is outside the interval O=A(r)=1, it is also
normalized in the same manner as described above for
h(x,p).

The present invention further provides an optical
system for processing an original image containing a
plurality of different complex patterns to provide a
modified image in which at least one of said complex
patterns is substantially unaltered and in which certain
frequency components of at least one complex pattern
are attenuated. A complex pattern is defined as being of
a higher order than a single line. This system comprises
a source of spatially incoherent electromagnetic radia-
tion positioned for directing said radiation to an object
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to provide an intensity distribution of electromagnetic
radiatton from the object; a spatial filter which is a
Fourier transform hologram of a fwo-dimensional point
spread function for spatially processing said incoherent
radiation distributed from the object within an interval
of spatial frequencies 0= w={), and a lens for providing
a processed image of said radiation distributed from said
object at a predetermined image plane. The spatial filter
hologram corresponds to a point spread function and to
an optical transfer function in which the transmissivity
or reflectivity of the hologram causes the optical trans-
fer function to be controlled to enable selective attenua-
tion of predetermined discrete spatial frequency compo-
nents in said interval. The system provides processed
convolution and/or correlation images of said filtered
radiation distributed from said object at the predeter-
mined image plane, wherein within said processed con-
volution and/or correlation images, said predetermined
discrete spatial frequency components of said original
image are attenuated and at least one of said complex
patterns is substantially unaltered.

In separate embodiments, the spatial filters in the
optical system provide various optical transfer func-
tions including (a) a directional response for passing
substantially higher spatial frequency components in a

first direction than are passed in a second direction; (b)
a selective attenuator response; (¢) a notch filter re-

sponse; (d) a correctional filter response; and (e) a linear
minimum means Square error response.

In another embodiment, the spatial filter provides a
linear minimum mean square error response and is in-
cluded 1in an apparatus for recognizing specified pat-
terns from a plurality of patterns and in an apparatus for
determining the concentration of a species such as par-
ticulate matter having a predetermined specific pattern
within a plurality of species.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 1s a schematic view of an optical system for
tmage processing according to the present invention;

FIG. 2 is a schematic representation of the method of
making a spatial filter according to the present inven-
tion;

FIGS. 3, 4 and S are plots of design specifications of
optical transfer functions provided by the spatial filter,
together with a lens in a linear incoherent optical sys-
tem according to various embodiments of the present
invention; and

F1G. 6 and 7 are plots of the resulting point spread
functions utilized to form the masks which in turn form
the spatial filter holograms corresponding to the trans-
fer functions of FIGS. 3 and 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

An optical system for image processing in accor-
dance with the present invention is shown in FIG. 1.
The system includes a source 10 for spatially incoherent
radiation, such as visible light 12 positioned for direct-
ing such radiation to an object 14 to provide an intensity
distribution of radiation from said object. The source 10
of spatially incoherent radiation may be a reasonably
monochromatic light source such as a laser from which
the radiation has been rendered spatially incoherent, a
filtered mercury arc source, or narrow band phosphors
such as those in a cathode ray tube screen. In the pre-
ferred embodiment, the incoherent source 10 includes a
laser 16, a microscope objective 18 and pin hole aper-

6

ture plate 19, a collimating lens 20 and a spinning dif-
fuser 21. The diffuser 21 1s frosted glass.
The system of FIG. 1 also includes a spatial filter 24

- and a lens 25. It should be recognized that both the
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spatial filter 24 and the lens 25 can be integral parts of
the same hologram. In this embodiment, the lens 25 is a
simple imaging lens. The lens 25 also may be a fresnel
zone plate or a discrete holographically recorded lens.

The spatial filter 24 provides a Fourier transform
hologram of a given two-dimensional optical transfer
function F(w) for spatially filtering the light distributed
from the object 14 within an interval of spatial frequen-
cies 0= w ={). The optical transfer function is shaped to
an a priori specification consistent with incoherent im-
aging. Also, the optical transfer function may be shaped
to approximate other a priori specifications by properly
Iimiting or biasing the corresponding point spread func-
tion. Although the optical transfer functions provided
in the embodiments described herein utilize rectangular
coordinate and circular cylindrical coordinate systems,
ellipsoidal, parabolic, spherical, prolate spheroidal and
other systems also may be used.

The lens 25 provides three process images of the
filtered light distributed from the object at a predeter-
mined image plane 27. These three images are: the usual

geometric 1image 28 of the object plane graphic, the
correlation image 29, and the convolution image 30. In

the preferred embodiments of the optical system for
image processing described herein, the convolution
image 1s utilized. However, in special cases where A(x,y)
= h(—x, —y), the convolution and correlation images
are 1dentical. If one constructs the intensity distribution
mask 32 with A(—x, —p), the roles of the convolution
image and correlation image would be reversed.

The convolution and/or correlation images may be
detected by some suitable detecting means positioned in
the image plane 27 at the convolution image 30 and/or
the correlation image 29. Detectors include such means
as the eye, a vidicon tube, photographic film, a charge
coupled device, or very simple detectors such as a sili-
con detector.

In making the spatial filter hologram 24 in accor-
dance with the present invention, a real, two-dimen-
sional transfer function 1s first specified, a priori. Gener-
ally, the transfer function F(w) is defined for an interval
of spatial frequencies 0= w=(}. These are the regions of
spatial frequencies over which the optical transfer func-
tion is controlled. Many such functions are well known
and are readily expressed in a variety of coordinate
systems. Plots of three representative optical transfer
functions are shown in FIGS. 3-35.

In order to selectively filter spatial frequencies, the
spatial filter 24 1s designed to have a practical cutoff
spatial frequency o, which particular frequency is usu-
ally chosen to be somewhat less than €). This ensures
that the system response will be zero in a bank immedi-
ately above the selected cutoff spatial frequency .. In
the examples described hereinafter, ) was arbitrarily
chosen to be 27. The practical cutoff spatial frequencies
w, were similarly chosen to be 7 or less.

The second step in making the spatial filter 24 in-
volves generating the point spread function which cor-
responds to the a priori designed transfer function.
Since the optical transfer function is the Fourier trans-
form of the point spread function of an optical system
which relates the Fourier transform of the processed (or
output) image intensity to the Fourier transform of the
input image intensity of the illuminated object, the point
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spread function may be generated by an inverse Fourier
transformation or in accordance with either of the
above described equations for A(x,y) and A(r) depending
upon whether rectangular or circular cylindrical coor-
dinates are preferred. With reference to these two equa- 5
tions, although M and N = « in theory, a small number
is usually chosen empirically to give an approximation
of the required accuracy.

Once the required point spread function is generated,
the function is drawn with a computer plotter and then
photo reduced to form the mask. A mask is produced
which, when illuminated with coherent light, will im-
part a spatial intensity distribution in accordance with
the point spread function. For example, a computer and
plotter may be used to produce a halftone drawing of 15
the point spread function.

For the examples described hereinafter, it is neces-
sary to provide a normalized point spread function
h'(x,y) or A'(r) as described above. The total area is
divided into homogeneous resolution cells, and the cell
dimensions are selected to provide the resolution de-
sired. The blackened area of any cell is a function of the
spatial mtensity. This procedure provides a negative of
h'(x,y). |

Although a computer-plotter approach is described, 25
other approaches may be utilized, such as photograph-
ing the display of a graphic display terminal. In addi-
tion, the resultant mask could be photo reduced or
photo enlarged prior to produce the spatial filter.

Referring to FIG. 2, the spatial filter hologram 24 is
produced in the form of a Fourier transform hologram
in a conventional manner, using the mask 32 defined by
the generated point spread function A'(x,y) or A'(r). A
coherent light beam 34 is passed through a stationary
diffuser 35, such as frosted glass, and then through the
mask 32 to a holographic recording medium 36. The
coherent radiation beam 34 is also passed through a
combination of a prism 38 and a lens 39 to provide a
reference beam. The reference beam is interferred with
the beam that is passed through the mask 32 to form the
spatial filter 24 in the holographic recording medium
36.

The distance between the mask 32 and the holo-
graphic recording medium 36 is d,. The holographic
recording medium may be a photographic plate, a plate
coated with a photopolymer or various other media
well known in the holographic recording art.

In the system shown in FIG. 1, the spatial filter 24
and the lens 25 may be essentially in the same plane. The
distance between the object 14 and the lens 25 is d i The
distance between the object 14 and the spatial filter 24 is
d;. The distance between the lens 25 and the image
plane 27 is d,. The relationship (1/d,) + (1/d,) = (1/h,
where f'is the focal length of the lens 25, must be main-
tained. The design a priori optical transfer function is
realized when d; = d,. However, the scale of the optical
processing may be varied by changing the ratio of d,/d,.
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Several examples of optical systems for Image pro- 65
cessing of incoherent light with a spatial filter are pro-
vided. These systems may be included in an apparatus
for processing an original image containing a plurality

8

of different complex patterns to provide a modified
image in which predetermined discrete spatial fre-
quency components of at least one such complex pat-
tern are attenuated and in which at least one of such
complex patterns is substantially unaltered. These sys-
tems are distinguished from one another by the design
characteristics of the spatial filter 24.

EXAMPLE 1

In one embodiment, the spatial filter provides the
optical system with a directional selective response for
passing substantially higher spatial frequency compo-
nents of at least one of said discrete color components in
a first direction than are passed in a second direction. A
system including this spatial filter may be utilized to
examine contour maps for features oriented in a specific
direction. As such, the system may be considered to be
a feature extractor. The optical transfer function of the
system 1s selected so that x directed spatial frequencies
will be passed in preference to y directed frequencies, or

vice versa. The system possesses the optical transfer
function

Flo,w,) = R[(1/A) Flo,0,) + (B/A) 6(w,,w,)],

where

o(w,,w,) is the Dirac delta function,

F'(w,w,) is the design specification, dictated by the
desired directional response,

R = (A/1+B), A = a multiplier constant equal to
the maximum value of the corresponding point spread
function 4(x,») minus the minimum value of h(x,y), and
B = a bias constant equal to the negative of the mini-
mum value of #(x,y). A and B are selected to enable the
point spread function A(x,y) corresponding to the trans-
fer function F(w,,®,) to be real and in the range of 0
=h(x,p)=1.

A convenient expression defining the design specifi-
cation for the transfer function F'(w,,w,) in rectangular
coordinates is F'(wz, wy) = rect (w:/wer) rect (oy/owey),
where

w.and w, are a cutoff spatial frequencies in the x and
y directions respectively,

rect (/o) = 1for0 = | 0, | = w_,

rect (o, /o) =0for | w, [ > .,

rect (@/wy) = 1for0 = | 0, | = o,

rect (/) = O for | w,| > o, and

., F= Wy

A plot of this design specification in frequency space
is shown in FIG. 3. |

Once the transfer function F(w,, w,) is selected, the
coefficients for the function may be determined from
the following expression:

Upon insertion of the expression for F'(w,, w,), ¥,,,may
be solved as follows:
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P, = — {sin ( ’?’2"" ) mz:rr oS m;r } {sin ( ’;; ) zg oS ’;g }
The resulting incoherent point spread function is:
d
1010 2x 2y . . : .
h(x.y) = m‘il 21 Y rect (=-—) rect (=), point spread function for the optical .transfer function

and may be plotted as shown in FIG. 6 to form a mask

corresponding to the point spread function. The mask is
used to form the spatial filter, 1.e., the Fourier transform
hologram according to the method outlined in conjunc-
tion with the discussion of FIG. 2 hereinabove. The
hologram may then be used as the spatial filter in the
system of FIG. 1. Incoherent light reflected from the
object 14 1s accordingly selectively filtered to preferen-
tially pass light corresponding to features of the object
oriented 1n 1 direction O preference to features in the

other direction, thereby allowing selected features of

the 1image to be resolved by the system.

Where contour map examination is desired, the de-
sign specification would be selected to allow resolution
of shapes up to a specified steepness at specified loca-
tions to be resolved. These parameters would be speci-
fied in terms of corresponding x- and y-coordinates,
ultimately resulting in a mask similar to that shown in
FIG. 6, which when recorded as a hologram, selec-
tively passes light reflected from portions of the map
indicative of the specified parameters.

EXAMPLE 2

In another embodiment, the spatial filter also pro-
vides the optical system with a directionally selective
response. In this embodiment, the optical transfer func-
tion 1s selected with respect to a circular coordinate
system. In such a system, the optical transfer function is
given in terms of:

F(wrwe) =R[1/A F'{w, ws) + B/A 6{w,, wy)],
where

o(w,, wg), F'(w,, wy), R, A and B are previously de-
fined, modified to correspond to circular coordinates.

A convenient expression defining the design specifi-
cation for the transfer function F(w,, ®,) in radial coor-
dinates 1s

F'(0,wy)=circ(a,w)[rect{wy/wq9)+rect(wy—m)/ o )],
where

w,., and wgare cutoff spatial frequencies along the r
and 0 axes respectively,

circ (w,/w,) = 1 for 0 = 0, = v,

circ (w,/w,,) = 0 for o, > a,,

rect(-gﬂ—) = 1for0 =|wy |= 0y,
0

| Cﬂﬁ .
rect ( ) = 0for |w; |> vy,
(g
{ﬂa—'—'?f
rect ( —— ) =1for0 = |wg— 7 | = @y, and
o0
{ﬂ&—'ﬂ'
rect ( ) =0for |wg— 7 |> oy

Once the transfer function F(wr, ws) is selected, the
coefticients for the function may be determined in an
analogous manner to that set forth in Example 1. The
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may then be determined by Fourier transformation of
F(w, wy) and may be plotted and used as a mask to

form the spatial filter according to the method outlined
hereinabove.

EXAMPLE 3

In another embodiment, the spatial filter provides the
optical system with a notch filter response wherein all
spatial frequency components in one or more directions
within a give band of spatial frequencies except for one
or more discrete subbands of spatial frequency compo-
nents within said given band are substantially passed
and wherein the sub-band components are substantially
attenuated. Such a filter may be designed to remove
unwanted portions of a graphic image. As such, it re-
moves an unwanted band of spatial frequencies. For
example, one may wish to reproduce a historical docu-
ment having stains or smudges over certain words. This
embodiment of the present invention permits reproduc-
tion of the document without the stains. The system
possesses the optical transfer function:

F(w,, o) = R{1I/A F(o,, w) + B/A §(w,, »),
where

o(wz, wy), F'(wz, wy) R, A and B are as defined
hereinabove. The design specification F'(wz, wy) is

dictated by the desired notch filter response, and may
be conveniently expressed as:

Fe, ) = F(o,) F(v,), where

F(o,) = _ [1 + cos 27 w,] rect ( . ), and
2 (ﬂ'Tl) Tl ‘
(4]
F(o,) = recz(—-—IL— ),
30,
wherein

rect (w,/T)) = 1for0 =| o,|] =T,

rect (0, /T)) = O0for | @, | >Ty,

Tl EQI 3 and

0 <a «<1.

A plot of the design specification of this optical trans-
fer function is shown in FIG. 4.

Once the transfer function F(w., ®y) is selected,
the coefficients for the function may be determined
from the following expressions:

v,..,=%¥, V. , where

£)
W, = zx mn-g-_)z[sin m;r - ”;"T Cos m;r |
Q. |
(ﬁ-:zt-ﬁ—)'zrcns(—n}—_z'iﬂr)]
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-continued
ﬂ'x ] 2 r.- m— 6
T e in (57 -
m— 6 m — 6

(== )m cos ( 5 7)]

(the third term being zero for m==6), and

1
lﬁ'mn"" ﬂy(“;rﬂ._“

Y [sin (=) — -5 cos (L))
The resulting point spread function is:

‘Q;c
R

10 0
h(x,y) = El

m=1 n

)

1
x) rect (

0
W,y FECE ( povpen

and may be plotted as shown in FIG. 7 and used as a
mask to form the spatial filter hologram according to
the method outlined in conjunction with the discussion
of FIG. 2. Incoherent light reflected from the object 14
1s accordingly selectively passed, controlled by the
spatial response of the filter. For example, stains on an
original documemt may be determined to be substan-
tially larger than test materials. Accordingly, lower
spatial frequencies associated with stains, i.e., those
between zero and those spatial frequencies associated
with the recognition of the test material may be attenu-
ated.

EXAMPLE 4

In a similar embodiment, the spatial filter may be
selected to provide the optical system with a notch filter
response by selecting the optical transfer function with
respect to a circular coordinate system. In such a SYS-
tem, the optical transfer function may be expressed by:

Flw) = R[1/A F'(w,05)+ B/A o(w,, wy)], where

0(w), F'(w), R, A and B are as previously defined. Since
the spatial response along the 0 axis may be considered
to be arbitrary, F'(w,, wy) == Flow)=1for0 =¢, =,

and for w,=w,=w,, and

F'(w) = 0

for w, =w, =w, and for w,= w;, where W3=w, =W,
The corresponding point spread function is:

h(r,0) = h (1),

which may be solved to provide

10 ,
h(r) = 2 \j; circ (=), where
j=1 “

1 1
Vral  KaQ

Y; = gfﬂzjz(ﬂiwub) — 035310y + wiS(ajws)]

This point spread function may be plotted to provide a
graph similar to that of FIG. 7, and thereafter used as
the mask to form the spatial filter according to the
method outlined hereinabove.

EXAMPLE 5

In another embodiment, the spatial filter may be se-
lected to provide the optical system with a selective
attenuation such that all spatial frequency components
out to an upper cutoff frequency W, are passed, except
for one or more two-dimensional bands of spatial fre-

' 12
quency components which are controllably attenuated.
each said band being defined by a lower cutoff fre-
quency w; and an upper cutoff frequency w,. This spa-
t1al filter may be used in analyzing topographic or other
> geophysical maps. A selective attenuator response may
be devised so that one may ascertain contours sloping in
a desired direction. Band-pass or band-stop attenuators
which pass (or stop) selected spatial frequency bands
(except for zero frequency which is always passed) may
10 be used to view only those slopes having a certain grade
on topographic maps. In such a system, the optical
transter function may be expressed by:

F(e) = R[1/A F(w,, ®,) + B/A 8(w,, ®,), where

15
Flo,, »,), 6o, w,), R, A and B are previously de-
fined, and where:

F{w, w,) = 1 for the regions:
20 <.

L — 0, =0, S0, and o, S0, S,

b. —wy=w, Ew,, and — @y Sw, Ew,, and

<, < <<

C. —@,, =, =a0,.,, and — Cﬂfy =, = Y29
25> wherein

Wy = @py

~— 0,y = @, and
30

F(w,, w,) = 0 for all other regions.

A plot of the design specification of this optical trans-
35 fer function is shown in FIG. 5.

Once the transfer function F(w,,»,) is selected, the

point spread function and associated coefficients may be
determined as follows:

i0 10 §)
40 Ax,p) = 3 , 2 Y, rect ( e ) rect ( ""(':—':::- ), where
Ml == H =
0} . mrr mir mir
llbmn - mznzﬂ_4 [SlIl ‘Q.r Wxe — ‘Qx @ e COS ﬂx m.::c]
45 . nr __n 1T
| [sin Q, W, *---——ny @, COS 0, &y
. ni nir nir
50 ‘Q;cﬂg . mar T mar
+ mznzﬂ- 3 [Sln "'ﬂ' "': ™ ] — _ﬂx""_' (ﬂ'x‘; cCQOs —ﬂ“: ™~ ) ,IJ']
. niT nar nir
. |s1 — COS
[S Il Qy w, 0, Wyl ﬂy my!]
33 EXAMPLE 6

In another embodiment, the spatial filter may be se-
lected to provide the system with a selective attenuator
response by selecting the optical transfer function with

60 Te€Spect to a circular coordinate system. In such a SyS-~
tem, the optical transfer function may be expressed by:

F(w) = R[1/A F'(w, wg) + B/A 8(w, wy), where

o(w, wp), F'(w,,wy), R, A and B are previously de-

65 fined and where

F(w,w,) =
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-confinued
circ ( ) [rect ( ~ ) + rect - )],
" 5T T O 5 T @
circ s )=1for0=w = o
= Wy = W
nc
w, |
circ ( ) = 0 for @r > wre,
rn
wﬁ_l_%_ < T = T
I‘ﬂCt( a _m )=lf0r0=|m9+'§-|=7mﬂf
p) - YPe
T
W T 5 T r
rect ( r )=0fﬂr|m3+7|>7—-m95
p) — Wy,
3
W T =5 3w o
rect ( T Y= 1for0 = |m9—]—“§*—"|§T Woe s
2 b
and
3
(ﬂg""_
rect ( 2 )=0f0r|m9+%|>%ﬂmgc.
T“mﬁc

- The point spread function h(r,0) for this optical trans-
fer function may be determined by Fourier transforma-
tion of F'(w) and plotted to form a mask, which is, in
turn, used to form the transfer function hologram which
controls the selective attenuator response of the system.

EXAMPLE 7

In another embodiment, the spatial filter may be se-
lected to provide the system with a linear minimum
mean square error response. In this embodiment, the
spatial filter hologram provides the system with the
following transfer function:

S

53

He) =575~

wherein S,
terns, and S,
- terns.

This spatial filter may be utilized in an apparatus for
recognizing specified patterns from a plurality of pat-
terns. The spatial filter controls the given transfer func-
tion of the system such that said radiation distributed
from an object containing a plurality of patterns is spa-
tially filtered to preferentially pass specified patterns
within an interval of spatial frequencies 0=w=. Such
a filter distinguishes spatial frequency components de-
fining the specified patterns and enables the lens to
provide processed convolution and/or correlation im-
ages of the filtered radiation distributed from the object
at the predetermined image plane to thereby provide an
image containing said specified patterns at said image
plane.

The spatial filter described in this example may also
be utilized in an apparatus for determining the concen-
tration of a species such as particulate matter having a
predetermined specific pattern. The spatial filter con-
trols a given transfer function for spatially filtering the
radiation distributed from the species within an interval
of spatial frequencies 0=w={), and enables the lens to

provide at the predetermined image plane processed

power spectral density of specified pat-
power spectral density of other pat-
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convolution and/or correlation images of the filtered
radiation distributed from the species having the prede-
termined specific pattern.

The apparatus described in this example may be uti-
lized for selecting and/or determining the concentra-
tion of particular types of cells within a sample of cells
from a large number of patterns. For example, this func-
tion permits one to select reticulocytes from normal red
blood cells. Likewise such an apparatus may be used for
the analysis of dust particles, aerosol sprays, or pig-
ments.

EXAMPLE 8

In yet another embodiment, the spatial filter may be
selected to provide the optical system with a correc-
tional filter response for correcting images which have
been degraded by a medium having an optical transfer
function of G(w) such as that which typically occurs
during multiple generation copying. The optical trans-
fer function provided by the spatial filter is:

F(w) = R[(1/A) F'(®) + (B/A) §(w),

where F'(w), 6(w), R, A and B are as previously de-
fined, and where

F(w) = (1/G(w)) for G(w) % 0, and

F'(w) = K for G(w) = 0,

wherein K is a constant chosen to be as large as practi-
cal.

The point spread function for this optical transfer
function may be determined by Fourier transformation
of F'(w) and plotted to provide the mask used to form
the spatial filter hologram as in the previous examples.

Full color processing may also be accomplished by
using color separation techniques. The number of spa-

tial filter holograms controlling the optical transfer
functions of the resultant systems which would then be
utilized preferably would be the same as the number of
sources of spatially incoherent monochromatic light.
Accordingly, color processing may be accomplished in
the embodiments of the present invention according to
all of the foregoing examples by including a spatial filter
that provides a plurality of discrete optical transfer
functions for respectively spatially filtering a plurality
of discrete color components of the light distributed
from said object. In the color processing embodiments,
11 1§ also preferred that the incoherent light source of the
system include means for providing incoherent light
consisting of the same plurality of discrete color compo-
nents.

The spatial filter hologram to be used in a system to
provide such a plurality of transfer functions is holo-
graphically recorded, as described with reference to
F1G. 2 above, by multiple exposure of the holographic
medium 36 to monochromatic beams of each of the
desired color component wavelengths. The intensity
distribution for each wavelength is in accordance with
the point spread function corresponding to the a priori
transfer function desired for each such wavelength.

In the color processing embodiments, it is necessary
to suppress undesired intermodulation terms that inher-
ently are produced. This is accOmplished by providing
the reference beam at such an angle during production
of the spatial filter (FIG. 2) that the intermodulation
terms will not overlap when the spatial filter is used in
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the processing system (FIG. 1) and also by the position-
Ing of an aperture in the image plane 27, such that only

16

(1,1s the cutoff spatial frequency in the x-direction,
(),1s the cutoff spatial frequency in the y-direction,

{1,x mar
— Sy=<

rect ( —— ) = 1for0 =x= 0,

1.x mir
rect ( — ) = 0for x> Q,

)y

Ly <y T
rect ( o ) = 1lfor0 =y= 0,

1y
rect ( —= ) = 0 for x> Q,

i ﬂx ) . w, ) ()

Y, = 0.q, I{} {] w,w, F(w,, o) sin (m7 0, }sin (n -—z-gy ) do do,,

the desired correct composite color image will be de-
tected.

Objects containing graphic images may include but
are not limited to documents: three-dimensional figures
or scenes; self-luminous objects in either one, two, or
three dimensions; and transparencies.

Having thus described the present invention, what is
claimed is:

1. A method of producing a spatial filter which when
combined with a lens in a system for processing inco-
herent electromagnetic radiation, provides a given, real
two-dimensional transfer function F(w) for spatially
filtering said radiation within an interval of spatial fre-
quencies 0= w =1, said method comprising the steps of:

a. generating a two-dimensional mask having regions
of varying optical transmissivity or reflectivity,

b. impinging a coherent beam of electromagnetic
radiation onto the mask and impinging radiation
passing therethrough onto a medium responsive to
said radiation,

c. impinging a reference beam of electromagnetic
radiation, which beam is coherent with the other
beam, onto the responsive medium to cause an
interference between the two beams and to pro-
duce as a said spatial filter a hologram correspond-
ing to the mask,

wherein the improvement comprises generating the
mask according to the sub-steps of

1. providing a medium including a planar surface
having a rectangular coordinate grid including a
plurality of regularly spaced regions,

11. developing the optical transmissivity or reflectivity
of each region such that regions symmetrically
disposed with respect to the coordinate axes of the
grid, thereby corresponding to a real transfer func-
tion F(w), have the same optical transmissivity or
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reflectivity, the transmissivity or reflectivity of 55

each region being defined by the following point
spread function:

N Q 0
S Yy rect ( 2 ) rect (—2- ),

() = —

m

|| M

1 n R

wherein
h(x,p) is the point spread function corresponding to a
selected design transfer function F'(ow,0,),
m, n are spatial limits in the x and y directions, respec-
tively,
w, 1S the spatial frequency along the x-direction,
w, 1s the spatial frequency along the y-direction,

60

635

F'(w,,w,) is the design, i.e., a priori, transfer function
of the desired spatial filter, and is defined between
the limits 0 =w, =0, and 0 =w,=(,, such that
F(oyo,) = R[(1/A) F'(0,0,) + (B/A) & (w,,0,)],
where

R = (A/1+B), A is a multiplier constant equal to the
maximum value of A(x,y) minus the minimum value
of 2(x,y) and B is a bias constant equal to the nega-
tive of the minimum value of A(x,y), thereby en-
abling the point spread function A(x,y) correspond-
ing to the transfer function F(w,,»,) to be real and
in the range 0 =A(x,p)=1.

2. A method of producing a spatial filter which, when
combined with a lens in a system for processing inco-
herent electromagnetic radiation, provides a given, real
two-dimensional transfer function F(w) for spatially
filtering said radiation within an interval of spatial fre-
quencies 0= w={), said method comprising the steps of

generating a two-dimensional mask having regions of
varying optical transmissivity or reflectivity,

impinging a coherent electromagnetic radiation beam
onto the mask and impinging radiation passing
therethrough onto a medium responsive to said
radiation,

impinging a reference beam of electromagnetic radia-
tion, which beam is coherent with the other beam,
onto the responsive medium to cause an interfer-
ence between the two beams and to produce as a
said spatial filter a hologram corresponding to the
mask,

wherein the improvement comprises generating the
mask according to the sub-steps of

1. providing a medium including a planar surface
having a circular coordinate grid including a plu-
rality of regularly spaced regions,

1i. developing the optical transmissivity or reflectivity
of each region such that regions symmetrically
disposed with respect to the coordinate axes of the
grid, thereby corresponding to a real transfer func-
tion F(w), have the same optical transmissivity or
reflectivity, the transmissivity or reflectivity of
each region being defined by the following point
spread function:

M . - _
)= 2% Y, circ (— ), wherein
J=1 9

n(r) is the point spread function corresponding to a

selected design transfer function F'(w,w,) =
F'(w,).
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a;1s the spatial limit along the r-axis,
w, 1S the spatial frequency along the r-axis,
1,1s the cutoff spatial frequency in the r-direction,

circ ( — ) = 1for 0=r=q,
J

circ (HL ) = 0 for rZa,
J

{} 10

.\l,,:_____._l.____.._.. I &F(w)(ap)do,,
' wQfa (e ) 0

the coefficients a;are the solutions to:

Jl(aj\Q,) =0forj=12,...,

F'(w,) 1s the design, i.e., a priori transfer function of
the desired spatial filter and i1s defined between the
limits 0 =w, =} such that

F(w) = R[(1/A) F'(0) + (B/A) &(w,)], where

R = (A/1+4B), A is a multiplier constant equal to the
maximum value of 2(r) minus the minimum value
of 4(r), and B is a bias constant equal to the nega-
tive of the minimum value of /4(r), thereby enabling
the point spread function A(r) corresponding to the
transfer function of F(w) to be real and in the range
0 =h(nN=1.

3. An apparatus for processing an original image
containing a plurality of different complex patterns to
provide a modified image in which at least one of said
complex patterns is substantially unaltered, said appara-
tus including a system for image processing comprising

a source of spatially incoherent electromagnetic radi-
ation positioned for directing said radiation to an
object containing a said original image to provide

~an intensity distribution of electromagnetic radia-
tion from said object; and

a lens for providing a processed image of said radia-
tion distributed from said object at a predetermined

- image plane; |

‘the improvement wherein the apparatus further com-
prises ~

a spatial filter which is a Fourier transform hologram
containing therein a two-dimensional point spread

“function, and which when combined with said lens
in said system as a lens pupil for processing inco-
herent electromagnetic radiation, spatially filters
said radiation distributed from said object to atten-
uate predetermined discrete spatial frequency com-
ponents within an interval of spatial frequencies
O0=w=() to provide at the predetermined image
plane processed convolution and/or correlation
images of said filtered radiation distributed from
sald objects, wherein within said processed convo-
lution and/or correlation images the transmissivity
or reflectivity of the hologram causes the optical
transfer function to controllably attenuate said
predetermined discrete spatial frequency compo-
nents of said original image and to substantially
unalter at least one of said complex patterns.

4. An apparatus according to claim 3, characterized
by

the spatial filter providing a directional response for
passing substantially higher spatial frequency com-
ponents in a first direction than are passed in a
second direction. -

S. An apparatus according to claim 3, characterized

by | |
the spatial filter providing a notch filter response for
passing all spatial frequency components in one or
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more directions within a given band of spatial fre-
quencies except for one or more discrete sub-bands
of spatial frequency components within said given
band, with said sub-band components being sub-
stantially attenuated.

6. An apparatus according to claim 3, characterized
by

the spatial filter providing a selective attenuator re-

sponse for passing all spatial frequency components
out to an upper cutoff frequency w,except for one
or more two-dimensional bands of spatial fre-
quency components, each said band being defined
by a lower cutoff frequency w;and an upper cutoff
frequency w,, wherein all spatial frequency compo-
nents within said band are substantially attenuated.

7. An apparatus according to claim 3, wherein the
spatial filter hologram corresponds to a point spread
function and to an optical transfer function F(w) in
which the reflectivity or transmissivity of the hologram
causes the optical transfer function to be capable of
reproducing a desired feature of said object in the pres-
ence of other features of said object with minimum
mean square €rror.

8. An apparatus according to claim 3 for recognizing
at least one said substantially unaltered complex pattern
as a specified pattern from a plurality of different com-
plex patterns,

wherein the transmissivity or reflectivity of the holo-

gram causes the transfer function to provide an
image containing said specified patterns at said
image plane.
9. An apparatus according to claim 3 for determining
the concentration of a predetermined species such as
particulate matter within a plurality of different species,
wherein the different species are identified as said differ-
ent complex patterns, wherein the predetermined spe-
cies are identified as said predetermined specific pat-
tern; wherein the transmissivity or reflectivity of the
hologram causes the optical transfer function to provide
processed convolution and/or correlation images of
said filtered radiation distributed from said species hav-
ing said predetermined specific pattern at the predeter-
mined image plane; and wherein a detector is provided
for measuring the total intensity in said convolution or
correlation image.
10. An optical system according to claim 3, wherein
the spatial filter hologram corresponds to a point spread
function and to an optical transfer function F(w) in
which the transmissivity or reflectivity of the hologram
causes the optical transfer function to provide a filter
response for correcting images which have been de-
graded by a medium having an optical transfer function
G(w);
wherein the spatial response is given by the optical
transfer function: F(w) = R[(1/A) F'(w) + (B/A)
o(w)], where

F'(w) = (1/G(w)) for G(w) £ 0, and 8(w) is the Dirac
delta function, F'(w) is the selected design transfer
function dictated by the expression:

F'(w) = K for G(w) = 0,

wherein K i1s a constant chosen to be as large as practi-
cal, and where

R = (A/1+B), A is a multiplier constant equal to the

maximum value of 4(x,y) minus the minimum value

of A(x,y) and B is a bias constant equal to the nega-
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tive of the minimum value of A(x,y), thereby en-
abling the point spread function A(x, y) correspond-
Ing to the transfer function F(w,,w,) to be real and
in the range 0=A(x,p)=1.

11. A linear optical system for Image processing com-

prising

a source of spatially incoherent light positioned for
directing said light to an object to provide an inten-
sity distribution of light from said object;

a spatial filter which is a Fourier transform hologram
of a two-dimensional point spread function for
spatially processing said incoherent light distrib-
uted from said object within an interval of spatial
frequencies 0=w=0: and

a lens for providing at a predetermined image plane
processed convolution and/or correlation images
of said processed light distributed from said object;

the improvement wherein

the spatial filter hologram corresponds to a point
spread function and to an optical transfer function,
and wherein the transmissivity or retlectivity of the
hologram causes the optical transfer function to
extend to substantially higher spatial frequencies in
one of said two dimensions than in the other dimen-
SiOn.

12. A linear optical system for Image processing com-

prising

a source of spatially incoherent light positioned for
directing said light to an object to provide an inten-
sity distribution of light from said object;

a spatial filter which is a Fourier transform hologram
of a two-dimensional point spread function for
spatially processing said incoherent light distrib-
uted from said object within an interval of spatial
frequencies 0 S w=Q;

a lens for providing at a predetermined image plane
processed convolution and/or correlation images
of said processed light distributed from said object;

the improvement wherein

the spatial filter hologram corresponds to a point
spread function and to an optical transfer function,
providing a notch filter response, and wherein the
transmussivity or reflectivity of the hologram
causes the optical transfer function to pass substan-
tially all spatial frequency components in one or
more directions within a given band of spatial fre-
quencies except for one or more sub-bands which
are substantially attenuated.

13. An optical system for Image processing compris-

Ing

a source of spatially incoherent light positioned for
directing said light to an object to provide an inten-
sity distribution of light from said object;

a spatial filter which is a Fourier transform hologram
of a two-dimensional point spread function for
spatially filtering said light distributed from said
object within an interval of spatial frequencies
0=w=; and

a lens for providing at a predetermined image plane
processed convolution and/or correlation images
of said filtered light distributed from said object;

the improvement wherein

the spatial filter hologram corresponds to a point
spread function and to an optical transfer function
F(w), and wherein the transmissivity or reflectivity
of the hologram causes the optical transfer function
to provide a selective attenuator response for con-
trollably passing all spatial frequency components
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out to an upper cutoff spatial frequency w., except
for one or more two-dimensional bands of spatial
frequency components, each said band being de-
fined by a lower cutoff frequency w,and an upper

cutoff frequency w,, wherein all spatial frequency
components within each band are controllably

attenuated.

14. An optical system according to claim 4, charac-

terized by the optical transfer function being

F(w) = R[(1/A) Flo,w,) + (B/A) 0(w,,w,)lwhere

0(w,,w,) is the Dirac delta function,

Fw,w,) is the selected design transfer function,
dictated by the desired directional response ac-
cording to the expression:

F(o,w) = rect (w,/0,) rect (w,/w,.,), where

o and o, are cutoff spatial frequencies in the x and
y directions respectively,

rect (w/w,) = 1for0 £ | o, | S w_,

rect (w,/w.) =0for | o, | > W

rect (o,/0,) = 1for 0 = | w,| = w,

rect (w,/w,,) = 0 for | w, | > Wy

Fo,, £ Wy

R = (A/14B), A = a multiplier constant equal to
the maximum value of A(x, ¥) minus the minimum
value of A(x,y) and B is a bias constant equal to the
negative of the minimum value of h(x,y) thereby
enabling the point spread function h(x,y) corre-
sponding to the transfer function Flw,»,) to be
real and in the range 0 = h(x,p)=1.

15. An optical system according to claim 4, charac-

terized by the optical transfer function being

F(w) = R[(1/A) F'(0,,wy) (B/A) 6(w,,wy)] where

0(w,wg) is the Dirac delta function,

F'(w,wy) is the selected design transfer function dic-
tated by the desired directional response according
to the expression:

Flwpwg) =circ(w,/o.)[rect(w,/ w.g) +rect(w,

— 7/ wg)], where

o and w. are cutoff spatial frequencies along the »

and @ axes, respectively,

mr
circ ( )= lfor0 Z=w,Sw,_,
mcr
. m?’
circ ( ) = 0forw,> w,,,
cr
@o < <
rect(-{-ﬂ-;—) = 1for0 = | wy | = wy,
@
l‘ECt(mOg =0fﬂrl{ﬂgi}mce.
rect ( 7 ) = 1for0 = | | =
ﬂ_]ca —_— — fﬂ'g - T — f.llng
g — T
rECt(md} )=0for |ws — 7| > oy,
R = (A/1+B), 4 = a multiplier constant equal to the

maximum value of 4(z,8) minus the minimum value
of A(r,0) and B is a bias constant equal to the nega-
tive of the minimum value of h(r,0), thereby en-
abling the point spread function h(r,8) correspond-

ing to the transfer function F (w,,0p) to be real and
in the range 0 =A(n0)=1.



4,082,431

21

16. An optical system according to either claim 6,
characterized by the optical transfer function being
F(w) = R[(1/A) F(0,0,) + (B/A) §(w,w,)] where
0(w,,w,) is the Dirac delta function,
F'(w,,0,) 1s the selected design transfer function dic-
tated by the desired notch filter response according

to the expression:
F(o,o,) = F(o,) F(o), where

F'(w,) = % [1 + cos 27w /aT);)] rect (v, /T)),

F'(w,) may be arbitrarily selected
rect (w,/T) = 1for0 = }| w, | = T,
rect (w,/T)) = 0for | w,.| > T,
T, = Q,

O<ac<l,

R = A/14B, A = a multiplier constant equal to the
maximum value of s(x,y) minus the minimum value
of A(x,y) and B is a bias constant equal to the nega-
tive of the minimum value of A(x,y), thereby en-
abling the point spread function A(x,y) correspond-
ing to the transfer function F(w,,»,) to be real and
in the range 0 =Ah(x,y)=1.

17. An optical system according to either claim 6,
characterized by the optical transfer function being
F(w) = R[(1/A) F'(w,ws) + (B/A) 6(w,,wy)] where

- 0(w,wy) is the Dirac delta function,

F'(w,wg) 1s the selected design transfer function dic-
tated by the desired notch filter response according
to the expression:

F(o,0p) = Fl(o,)

where

-

Fw) =1for0 = 0, = v, and for v, = 0 = w,,

F(w,) = 0for v, < 0, < v, and for @, > ,,
wherein
W3 > @y > Wy,

R = A/1+B, A = a multiplier constant equal to the

maximum value of /(r,8) minus the minimum value

22

of h(r,8) and B is a bias constant equal to the nega-
tive of the minimum value of k(r,0), thereby en-
abling the point spread function 4(r,&) correspond-
ing to the transfer function F(w,wg) to be real and
5 in the range 0 =A(r,0)=1.

18. An optical system according to either claim 35,
wherein the spatial ﬁlter provides the optical transfer

function:

F(o) = R[(1/A) F'(0,0,) + -(B/ A) O(ww,)], where
10 o(w,w,)is the Dirac delta function,

F(w,,w,) is the selcted design transfer function dic-
tated by the desired selective attenuator response
according to the expression:

15 F'(w,0,) = 1 for the regions:
A — 0= 0, = 0, and v, = o, = o,
b. —wy = 0, = 0y, and — 0y = 0, = 0,, and

20 C.— 0 =0, = o,and — 0, = 0, - o,

wherein

Wy = Wy

23 — W,y = W, and
* wyf =

F (w,0,) = 0 for all other regions, and

30 (A/ 1+B),Aisa multlpher constant equal to the
maximum value of 4(x,y) minus the minimum value
of #(x,y) and B is a bias constant equal to the nega-
tive of the minimum value of 4(x,y), thereby en-
abling the point spread function A4(x,y) correspond-

35 ing to the transfer function F(w,,»,) to be real and

in the range 0 Sh(x,y)=1.
19. An optical system according to either claim 5,

wherein the spatial filter provides the optical transfer
function:

40 F(o) = R[(I/A F(w,0g) + (B/A) 6(w,wy), where
o(w,wp) is the Dirac delta function,
F'(w,wy) 1s the selected design transfer function dic-
tated by the desired selective attenuator response
according to the expression:

Wy + 5 g + T"
F(w,wp) = circ. (—— ) [rect ( ) + rect (— ]|
" 5 T W S~ W
wherein circ (——) = 1for0 = 0, = w

e

()

— )= 0forw,> .,

rc

circ (

' +£r_
i - m T
rect ( p- )= 1for0 = | w, T‘é-ﬁ__mg"’
T""mﬂc
ma-i-'g‘
rect ( - )=0for[m9+-g-|>%——mc,
T_mﬂc
37
oty - 3 -
rect ( )= 1for0 = |ﬂ]g+—-—'=-i"—mg¢:
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-continued

3
{d3+_—"”—

rect ( — 2 )EOfGrlﬂ}a+‘g_l>T[ﬂ8c,
T"“mﬁf

®,. 18 the cutoff spatial frequency in the 7 direction,

W 1S the cutoff spatial angle in the 6 direction, and

R = (A/1+B), A is a multiplier constant equal to the

maximum value of A(x,y) minusthe minimum value
of 2(x,p) and B is a bias constant equal to the nega-
tive of the minimum value of A(x,y), thereby en-
abling the point spread function A(x, y) correspond-
ing to the transfer function R(w,,»,) to be real and
in the range 0 =A(x,p)=1.

20. An apparatus according to claim 3, wherein said
spatial filter when combined with said lens in said SYS-
tem provides a plurality of discrete optical transfer
functions for respectively spatially filtering a plurality
of discrete color components of said electromagnetic
radiation distributed from said object.

21. An optical system according to claim 3, wherein
the spatial filter hologram corresponds to a point spread
function and to an optical transfer function F(w) In
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which the reflectivity or transmissivity of the hologram
causes the optical transfer function to be capable of
reproducing a desired feature of said object in the pres-
ence of other features of said object with minimum
means square error.

22. An optical system according to claim 21, wherein
the spatial filter and lens provide the optical transfer
function:

Aoy =55

wherein S = power spectral density of specified pat-
terns:

and S,,, = power spectral density of other patterns.
A
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